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American beech (Fagus grandifolia) is a common, slow-growing deciduous tree native to most of the eastern United States. American beech is monoecious and generally outcrossing (Koch et al., 2010a) , but root sprouts are also a common method of regeneration in the forest and may lead to clonal clumps within stands. Mature trees on good sites can reach 50 cm in diameter at breast height and attain heights of over 24 m and generally produce good nut crops on 2-to 8-year intervals after reaching 40 years of age (Tubbs and Houston, 1990) . American beech provides food and habitat for over 40 different species of birds and mammals and is an important component of hardwood and mixed hardwood forests in eastern North America (Gysel, 1971; McCullough et al., 2001) . It is a significant tree species in urban forests, identified as the species of greatest importance in Washington, DC (Nowak et al., 2006) and listed as one of the most important park trees in Boston (Welch, 1994) . Increased public awareness of the value of planting native species has resulted in interest in the use of American beech as a landscape tree as well, recently being named a ''problem-free tree for Virginia landscapes'' by the Virginia Cooperative Extension (Hansen, 2009) .
Beech bark disease has had a devastating impact on American beech in both natural and urban settings and is the most important health problem of beech, significantly limiting its life and use. BBD is a slow-spreading invasive disease complex consisting of the beech scale insect, Cryptococcus fagisuga, and either Neonectria ditissima or Neonectria faginata as the fungal component. Mortality levels in the initial wave of the disease are reported as high as 50%, and surviving trees are left deformed, resulting in the loss of merchantable timber, overall stand health, many wildlife and ecosystem services in forests, and reduced aesthetic value in landscape settings (Ehrlich, 1932; Houston, 1983; Morin et al., 2007) . However, some trees are resistant to the insect portion of the complex, which is sufficient to prevent disease and this resistance is heritable (Koch et al., 2010b) . Efficient vegetative propagation of scale-resistant American beech genotypes is required for seed orchard establishment for urban and natural forest reforestation, for cultivar development for the landscape and nursery industries, and for conserving germplasm.
Attempts at propagating American beech using vegetative techniques such as rooting of cuttings and micropropagation produced plantlets, but they failed to overwinter (Barker et al., 1997; Loo et al., 2005; Pond, 2008) . Top grafting was more successful with take rates of 30% reported in the first year by Ramirez et al. (2007) . However, this rate declined to 12% in the second year of their study. In 2002-04, our attempts at traditional grafting of American beech using both side veneer and top cleft graft methods yielded an overall take rate of 19%. In 2002, we contracted a nursery to graft scion that we supplied, and their graft success rate was 17% in the first year with second-year survival of less than 1%. For grafting to be feasible for seed orchard establishment and cultivar propagation, success rates need to be improved. Hot callus grafting (Lagerstedt, 1981) , which heats the graft union while keeping the rootstock and scion cool, can significantly increase graft success of woody plants (Avanzato and Tamponi, 1987; Lagerstedt, 1984) . Our objective was to use a hot callus system to improve the success rate of grafting BBD-resistant American beech trees and identify factors influencing success rates.
Materials and Methods
Propagation of rootstocks. American beech does not have standard rootstock types or varieties so each grower must collect or purchase nuts to produce seedlings for use as rootstocks. Beech nuts were hand-picked yearly in late September primarily from several large open-grown American beech trees located at the Dawes Arboretum, Newark, OH. Occasionally other nuts from Ludington State Park in Michigan or from crosspollinations between Dawes and Ludington beech trees were available and used to produce rootstocks. The nuts were allowed to air-dry at room temperature until the burrs opened and the seed could easily be removed. Seeds were placed directly into cold, moist stratification at 4 to 8°C. The stratification medium was sphagnum moss (NoDampOff; Miller Lee, Millston, WI) wetted with 0.5 g · L Steuwe and Sons, Inc., Tangent, OR) in late summer and transferred to a lath house. In September, fertilizer application was reduced to once every other week and then discontinued. Seedlings were allowed to go dormant in the lath house and then were transferred in December to temperature-controlled storage and kept between 4 and 6°C. Seedlings used as rootstocks were 1 year old (65%) or 2 years old (35%), 45 to 80 cm tall, and had a stem diameter of 0.15 to 2.0 cm at the grafting site.
Scion collection. Between December and March of each year, scion was collected from mature trees as part of a region-wide program to establish BBD-resistant American beech seed orchards (Koch et al., 2012) . Federal and state forest health and management personnel collected scions from selected trees (both healthy with no sign of scale or fungus and diseased controls) in state and/or national forests in Michigan, Pennsylvania, and West Virginia that are heavily impacted by BBD. Branch sections, 1 to 2 m long, were harvested by rifle, shotgun, pole pruner, or rope saw, placed in plastic bags, and kept in a temperature-controlled greenhouse or cold room at 4 to 6°C. In cases in which the scion had to be stored longer than 2 weeks, the proximal ends of the branches were given a fresh cut and placed in water that was replaced every 2 to 3 d to prevent contamination. Scions 35 cm in length with an average diameter of 0.48 cm (range, 0.1 to 2.2 cm) were cut from these larger branches and immediately grafted.
Grafting. To reduce contamination, all grafting knives, tools, and the bark of scions and rootstocks were cleaned with 80% ethanol before any cuts were made. Rootstocks were carefully selected so that the scion and rootstock diameters matched at the graft union. Cleft graft cuts were made using the Fieldcraft Topgrafter (Raggett Industries Ltd., Gisborne, New Zealand), and side veneer grafts were performed following accepted practices (Garner, 2000) . All grafts were secured using commonly available grafting rubbers (0.48 3 15.24 cm or 0.95 3 20.32 cm). For veneer grafts, two smaller diameter scions of the same genotype were grafted onto a larger rootstock but staggered onto opposite sides of the rootstock and secured separately. All grafts were coated with paraffin (to prevent the scion wood and graft union from drying out) by dipping in a 55°C paraffin wax bath from the tip to just past the graft union (Nick Loving, personal communication). The wax bath was made by adding 30 g of paraffin to 7.5 L of reverse osmosis purified water in a clean 9.5-L plastic bucket kept covered in a 55°C water bath, and a fresh batch of melted paraffin was made every week. Grafts were then either kept in the cool (2 to 7°C) greenhouse (traditional method) or placed in the hot callus chamber.
Hot callus grafting apparatus. The hot callus grafting apparatus was based on the concept of Lagerstedt (1981) . Non-automatic Redi-Heat heat cables 18.3 m in length were used as a heat source controlled by a RediHeat RHT4 thermostat (Phytotechnologies Inc., Earth City, MO). Four cables connected to a 20-amp circuit were controlled by a single thermostat. Each heat cable was mounted to 10.2 3 10.2-cm pressure-treated posts using wire hangers (Fig. 1) . Two runs of cable were placed 5.3 cm apart in the center of the side of a wooden post. The posts were laid horizontally across two 35.6-cm tall support structures, one at either end. Grafts were placed in a row such that each graft union was 2 cm away from the two heat cables and centered between them. To achieve proper positioning of the graft between the heat cables, spacers were placed under individual pots when needed. The heat chamber was created by cutting two 5-cm long perpendicular slits (one at the top and one at the bottom) in 19-cm wide sill plate foam at the position where a graft was placed along the cable assembly. The slits allowed the foam to be placed over the graft union and wrapped around the stem above and below the graft union, insulating the union inside the sill foam. The foam was then attached to the top and bottom of the posts with masking tape. Gaps in the foam and the ends of the foam were taped closed so that a completely sealed, thermostatcontrolled chamber was created. The heat chamber of the hot callus apparatus was kept at 24.4°C, whereas the entire apparatus was set up in either a temperature-controlled greenhouse or a cold room kept at 4 to 6°C.
Data collection. To determine variables that have a significant impact on the outcome of hot callus grafts, data collected over 6 years (2005-10) were analyzed. Graft outcome was scored as 0 for failed grafts and 1 for successful grafts. Rootstock caliper was measured 2.5 cm below the graft union and scion caliper was measured 2.5 cm above the graft union. Different aspects such as scion genotype, rootstock family, and graft date were recorded, and comments on graft and tree health were noted. All data were collected 4 to 6 weeks after first budbreak. Graft unions were visually assessed for signs of infection (bacteria, yeast, or fungi) and recorded as contaminated or uncontaminated. Health problems were also noted and included yellow or dwarfed leaves, a physically damaged graft or top (broken branch), wilt resulting from irrigation failure, or loss of vigor or failure to thrive. A callus score from 1 to 4 was assigned with 1 representing minimal callus formation and 4 assigned to the highest levels of callusing observed. The number of terminal scars on the grafted scion was recorded to assess whether the age of the wood at the grafting site impacted graft success. Graft date was separated into month and year variables and comments were coded into 0/1 categorical variables. Grafts were completed between December and May and scored between April and July (depending on graft date but after all the grafts in the set had either flushed or failed).
Statistical analysis. Logistic regression analysis was used with graft outcome as the dependent variable and 13 independent variables as listed in Table 1 . These variables were used as explanatory variables in a logistic regression of graft outcome (Agresti, 1996; Neter et al., 1996) . Logistic regression is a slight variation on ordinary least squares regression that is valid for non-normal response variables (such as whether a graft is alive or dead or the proportion of grafts that is successful). It is useful in the same situations ordinary linear regression is useful: to explore the relationship between an outcome of interest (i.e., the Y variable) and potential explanatory variables (i.e., the X variables). Some minor data editing was done to facilitate modeling (some levels of original data categories were merged and five families were causing model fitting problems so one graft per family was chosen at random and changed to allow model convergence and therefore retain those families). A forward selection regression model was fit for the binary response variable outcome, entering all the variables as main effects, and using the forward selection option at a = 0.05 as the rule to add a variable to the model (using SAS Enterprise Guide Version 4.2; SAS Institute Inc., Cary, NC). Model fit was verified by goodness-of-fit tests, examining residuals and leverages for the model, calculating maximum rescaled R 2 , and concordance of predicted probabilities with outcomes. To explore the significant variables in more detail, we computed parameter estimates and odds ratios. Significance of the parameter estimates was verified using the Wald c 2 test. For odds ratios, we computed the point estimate and the 95% Wald confidence interval. In this case, odds ratio is the ratio of the odds of success for one level over the odds of success for the comparison level. Examination of odds ratios allows exploration of the direction and magnitude of significant effects on graft success.
Hot callus versus traditional grafting. Using 2010 data, the hot callus system was directly compared with traditional grafting. Both treatments used the same rootstock and the same subset of seven scion genotypes. A logistic regression of the success rate (success/attempts) of the grafts was performed with explanatory variables genotype and treatment (hot callusing or traditional graft) entered as main effects. For this model, we used PROC LOGISTIC (SAS 9.2) to fit the model and calculate parameter estimates and odds ratios.
Results
Factors influencing hot callus grafting. In 2005, we initiated a program using a hot callus graft apparatus (Fig. 1 ) and our overall take rate for the year increased to 57%. Data from grafts performed in 2005-10 were analyzed using a logistic regression model to identify the variables ( Tables 1 and 2 ) that most influenced graft success in an attempt to further improve on the technique. Eight of the 11 potential explanatory variables had significant effects (Table 2) , whereas three were not significant (year, terminal scars, and rootstock caliper). To assess the direction and relative magnitude of the effect of the significant variables in the model, parameter estimates and odd ratios were calculated (Table 3) .
Genotype 4419304 was chosen as the base for calculating odds ratios because its parameter estimate was closest to zero, so it represents an ''average'' performing tree. Relative to genotype 44419304, only six genotypes (out of 74 included in the study) were particularly poor performers (odds ratio less than 1) and four were particularly good performers (odds ratio greater than 1; Table 3 ). This indicates that grafting with hot callusing should be widely applicable across a variety of American beech scion genotypes. There are no standard rootstocks for use in beech grafting so we looked carefully at rootstock family effects. Only one rootstock family out of the 11 was significantly different and it performed more poorly than the others. The three rootstock families that were used most frequently had average performance indicating that a generally good rootstock family may be easily identified for use in grafting. Scion caliper, graft type, and callus score all had significant differences. Scion caliper is significant and has a positive effect, indicating that increasing scion caliper results in improved graft success. Side veneer grafts were 3.9 times more likely to be successful than top cleft grafts. Additionally, side veneer graft success increased linearly with increasing scion caliper (data not shown). However, top cleft grafts were still highly successful over the 5 years of data collection and may be preferred for certain uses of the trees such as grafting larger mature scion material that has preformed flower buds so that containerized controlled cross-pollinations can be performed (Koch et al., 2007) . Callus score, a measure of the extent of callusing at the graft union, was also significant. Not unexpectedly, the more callusing that occurred, the better the odds of success. Grafts with the highest callus score of 4 (highest amount of callus) were 23.8 times more likely to be successful relative to grafts that had the lowest callus score of 1 (very little callus formation). Technical grafting problems, contamination issues, and health problems all had a large impact on graft outcome with odds of success improving by 2.9, 4.1, and 17.7 times, respectively, for grafts lacking these problems.
Direct comparison of traditional versus hot callus grafting methods. Our take rate improved from 19% using traditional grafting methods to 57% the first year hot callus grafting was performed and was 52% for 2005-08 combined. To confirm this was the result of the hot callus system, we directly compared traditional and hot callus grafting methods in 2010 using a subset of the scion genotypes. Logistic regression analysis indicated that grafting system (hot callusing vs. traditional grafting) was significantly different (P < 0.0001) but that genotype was not (P = 0.4875). The hot callus system had 17.54 (95% confidence interval, 7.5 to 40) times the odds of success than the traditional grafting set-up with a 67% success rate across all eight genotypes compared with 13% success rate for the traditional grafting set-up. Success rates for the different genotypes between hot callus grafting and traditional grafting are shown in Figure 2 .
Discussion
Of the 74 different genotypes grafted, only 10 were significantly different from the Table 1 . The variables measured on grafts and used as potential explanatory variables in the data model including whether explanatory variables were quantitative (measured on a continuous scale), class (with several distinct levels), or indicator variables (1 represents the condition/event is true/present and 0 is absent/ false). Wald tests for global goodness of fit all P < 0.001) and graphical analysis of residuals detected no major influential points or leverages. The model explained a large part but not all of the variation in graft success (maximum rescaled R 2 = 0.6331 and 92% concordance between model prediction and observed values). The variables year, terminal scars, and rootstock caliper did not meet the forward selection criteria and were not added to the model. average genotype. Of these 10, six performed more poorly, whereas four performed better. This indicates that although there is a significant genotype effect, most trees perform typically and only a few are very good or very bad. Therefore, a diverse selection of trees may be propagated through grafting and it is likely that trees with desirable horticultural traits in addition to BBD resistance may be successfully propagated using this technique. Grafted seed orchards should be able to capture significant levels of diversity along with the BBD resistance trait to provide a good source of beechnuts for restoration plantings. Although graft type was significant and veneer grafts more successful than top cleft grafts, the magnitude of the difference was small and either graft type could be used. The graft type can be chosen based on the desired product such as in the case of containerized seed orchards, larger top cleft grafts are used with scions having multiple pre-formed flower buds to maximize nut production (Koch et al., 2007) . The significant effect of technical problems, health problems, and contamination indicates that there is room for improvement on our methods. Success rates should improve once corrective measures are implemented such as the addition of sterilization steps to reduce contamination and additional training of grafters to avoid technical problems.
Direct comparison between American beech graft attempts using the hot callus apparatus and those performed following traditional methods demonstrated a clear increase in success rate (67% vs. 13%) across eight different genotypes that justify the additional expense of using the hot callus apparatus (Fig. 2) . The success rate (67%) surpasses our previous traditional rate of 19% as well as the yearly take rates of 30% and 12% reported by Ramirez et al. (2007) . In addition, hot callus grafting was performed without significant differences in success rates over a period of months (December through March) vs. a very limited window of time that traditional grafting is normally performed in (2 weeks in late winter/early spring). This extended timeframe increases the number of grafts that can be produced in 1 year.
In conclusion, the use of hot callus grafting to propagate American beech is more effective than traditional approaches and can be used across diverse genotypes. This method of propagation can be used by the nursery and landscape industries to develop and distribute cultivars and is currently part of forest health management activities to develop BBDresistant American beech seed orchards. The success rates will likely improve as methods are refined and techniques implemented to reduce health, technical, and contamination problems. Table 3 . Maximum likelihood parameter estimate (MLE) and odds ratio information for levels of variables that are significantly different from zero at the a < 0.05 level for the forward selection model. x To compare callus score of 4 to the lower level scores, the odds ratio point estimate was inverted as well as the Wald confidence interval. N/A = not applicable. Fig. 2 . Comparison of overall success rates of traditional (bench) and hot callus grafting methods for eight genotypes of BBD-resistant American beech. A logistic regression showed that hot callusing was significantly better than the traditional method, but there were no significant differences among the genotypes (genotype P = 0.4875, setup P < 0.0001). BBD = beech bark disease.
